Ultraluminous X-ray sources (ULXs) are extragalactic X-ray emitters located off-center of their host galaxy and with a luminosity in excess of a few 10 39 erg s −1 , if emitted isotropically. 1, 2 The discovery of periodic modulation revealed that in some ULXs the accreting compact object is a neutron star, 3, 4, 6, 7, 55 indicating luminosities substantially above their Eddington limit. The most extreme object in this respect is NGC 5907 ULX-1 (ULX1), with a peak luminosity that is 500 times its Eddington limit. During a Chandra observation to probe a low state of ULX1, we detected diffuse X-ray emission at the position of ULX1. Its diameter is 2.7 ± 1.0 arcsec and contains 25 photons, none below 0.8 keV. We interpret this extended structure as an expanding nebula powered by the wind of ULX1. Its diameter of about 200 pc, characteristic energy of ∼ 1.9 keV, and luminosity of ∼ 2 × 10 38 erg s −1 imply a mechanical power of 1.3 × 10 41 erg s −1 and an age ∼ 7 × 10 4 yr. This interpretation suggests that a genuinely super-Eddington regime can be sustained for time scales much longer than the spin-up time of the neutron star powering the system. As the mechanical power from a single ULX nebula can rival the injection rate of cosmic rays of an entire galaxy, 8 ULX nebulae could be important cosmic ray accelerators. 9 NGC 5907 is a nearly edge-on (inclination of 87 • [ref. 56 ]) spiral galaxy at a distance D = 17.1 Mpc [ref. 11 ]. Its source NGC 5907 ULX-1 (henceforth ULX1), with a peak X-ray luminosity 10 41 erg s −1 , is driven by an accreting neutron star with a spin period of ∼ 1 s [ref. 55 ]. During an X-ray multi-1 arXiv:1910.11876v1 [astro-ph.HE]
Ultraluminous X-ray sources (ULXs) are extragalactic X-ray emitters located off-center of their host galaxy and with a luminosity in excess of a few 10 39 erg s −1 , if emitted isotropically. 1, 2 The discovery of periodic modulation revealed that in some ULXs the accreting compact object is a neutron star, 3, 4, 6, 7, 55 indicating luminosities substantially above their Eddington limit. The most extreme object in this respect is NGC 5907 ULX-1 (ULX1), with a peak luminosity that is 500 times its Eddington limit. During a Chandra observation to probe a low state of ULX1, we detected diffuse X-ray emission at the position of ULX1. Its diameter is 2.7 ± 1.0 arcsec and contains 25 photons, none below 0.8 keV. We interpret this extended structure as an expanding nebula powered by the wind of ULX1. Its diameter of about 200 pc, characteristic energy of ∼ 1.9 keV, and luminosity of ∼ 2 × 10 38 erg s −1 imply a mechanical power of 1.3 × 10 41 erg s −1 and an age ∼ 7 × 10 4 yr. This interpretation suggests that a genuinely super-Eddington regime can be sustained for time scales much longer than the spin-up time of the neutron star powering the system. As the mechanical power from a single ULX nebula can rival the injection rate of cosmic rays of an entire galaxy, 8 ULX nebulae could be important cosmic ray accelerators. 9 NGC 5907 is a nearly edge-on (inclination of 87 • [ref. 56 ] ) spiral galaxy at a distance D = 17.1 Mpc [ref. 11 ]. Its source NGC 5907 ULX-1 (henceforth ULX1), with a peak X-ray luminosity 10 41 erg s −1 , is driven by an accreting neutron star with a spin period of ∼ 1 s [ref. 55 ]. During an X-ray multi-instrument campaign to study its behavior, ULX1 dimmed its flux by a factor > 50 ( Fig. 1 ) and, on 7 November 2017, Chandra observed the field of ULX1 with its Advanced CCD Imaging Spectrometer for 52 ks. A source at the position of ULX1 was detected at a 7.7σ confidence level (Fig. 2 ). Since the number of collected photons is rather low, we made extensive use of simulations to assess the robustness of the findings and estimate the parameters characterizing the source. For our analysis, we considered the events between 0.3 and 7.0 keV falling within 3 arcsec from the coordinates of ULX1, totalling 25 photons (3.6 of which are expected from background alone). The emission appears to be extended and indeed we verified that the photon distribution in the detector is not consistent with the point-spread function (PSF) of the telescope: we can reject a point-like nature of this source at the 5σ confidence level. We modelled the emission with a disk profile with uniform surface brightness and estimated the disk radius to be R d = 1.35 ± 0.50 arcsec. We found no indication of an excess of brightness at the center of the source. To set an upper limit on the flux of ULX1 (the point-like component of the source), we selected the photons in the innermost part of the PSF, within 0.5 arcsec, to compute a Poisson upper limit on the count rate. Assuming a power-law spectrum with photon index Γ = 2 and an absorbing column N H = 5.3×10 21 cm −2 (the value measured when the source was bright 55 ), we obtained an upper limit on the point source unabsorbed flux in the 0.3 − 7.0 keV energy range of F X < 3.4×10 −15 erg cm −2 s −1 at the 90% confidence level. This corresponds to a limit on the isotropic X-ray luminosity L X < 1.2×10 38 erg s −1 , lower than the Eddington luminosity (L Edd ∼ 1.7 ×10 38 erg s −1 ) for a 1.4-M neutron star.
The diffuse emission at the position of ULX1 can be either an effect of the propagation of the high energy emission of the ULX through a thick dust layer in NGC 5907 or the intrinsic emission of an extended structure physically associated to ULX1. X-ray dust-scattering could produce a halo of the size we observe only if ULX1 were located at least 6 kpc behind the dominant scattering layer. However, in this case, given the high inclination and gas distribution of NGC 5907 59 , standard assumptions imply an X-ray absorption along our line of sight much higher than the column density we derive from the X-ray spectrum of ULX1. 55 (see the Supplementary Information for a discussion and Fig. 6 ) We therefore concentrate on the hypothesis of nebular emission surrounding the ULX. At the distance of NGC 5907, the radius of the X-ray nebula is R = 112 ± 42 pc. For a collisionally ionized diffuse gas and absorption N H = (1.3 +4.0 −1.2 )×10 21 cm −2 we estimate a temperature T corresponding to k B T = 1.9 +2.3 −0.8 keV (where k B is the Boltzmann constant), an unabsorbed flux F X = (6.1 +6.1 −2.5 )×10 −15 erg cm −2 s −1 and a luminosity L X = (2.1 +2.1 −0.9 )×10 38 erg s −1 . A diffuse flux consistent with L Edd may suggest that the Eddington-limited radiation from a neutron star is being Compton scattered by the wind. However, given that σ T × N H < 4 × 10 −4 (where σ T is the Thompson cross section), > 99% of the observed emission is unscattered. If this were the remnant of a supernova, its energy would be E sn > 10 53 erg [ref. 13 ], corresponding to a hypernova explosion. This is expected to produce a black hole 14 but, in exotic scenarios, it could leave behind a neutron star. 15 Nebular emission has been observed around several ULXs at optical and radio wavelengths. 1, 2, [16] [17] [18] [19] [20] These nebulae (often referred to as bubbles) are generally attributed to shocks created by outflows from the binary system interacting with the surrounding medium and show some common traits: diameter of ∼200-400 pc, expansion speed of ∼100-200 km s −1 , characteristic age (derived from the expansion velocity and the size of the nebula) of ∼1 Myr, and mechanical power ∼ 10 39 -10 40 erg s −1 . Here we explore whether a quasi-isotropic wind shocking the interstellar medium (ISM) 21, 62 can account for the extended X-ray emission around ULX1. As the bubble expands with a radius R ∝ t 3 5 [ref. 21 ], the ISM accumulates just behind this external shock. The wind, faster than the shock, also accumulates in another region closer to the source. Assuming that the X-ray emission comes from the outer region, pressure equilibrium at the shock boundary provides an estimate of the shock velocity v sh = 5 16 k B T mp 1000 km s −1 (where k B T comes from the spectral fit and m p is the proton mass), which entails an age of the bubble τ = 3
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R v sh = 6.7 +3.1 −2.8 ×10 4 yr. This value is much larger than the spin-up timescale of the neutron star that powers the system, 40 yr [ref. 55 ]. We also derived an estimate of the ISM density (see Methods) as n ISM 0.08 cm −3 and of the mechanical power carried by the wind, L w = 1.3 +9.8 −1.0 ×10 41 erg s −1 , not far from the value of 5×10 40 erg s −1 estimated for the bubble S26 in NGC 7793. 23, 24 If this mechanical power were sustained for ∼ 7 × 10 4 yr, then, assuming a typical accretion efficiency onto a neutron star of 17%, ∼ 0.9 M should have been accreted to provide enough energy to sustain the nebula. Because the wind carries mechanical power to the nebula, if a large mass has been accreted onto the neutron star, and the mass lost by the system cannot exceed a few 10 M , then we obtain a speed of the wind v w 0.1 c where c is the speed of light. This value is consistent with the outflows observed from other ULXs. [25] [26] [27] NGC 5907 has been observed in H α with the Kitt Peak National Observatory 0.9 m telescope in May 1995. 60 The high level of contamination from star forming regions and the limited angular resolution (∼ 1 arcsec) hamper a detection of a counterpart in H α to the nebula around ULX1. NGC 5907 ULX-1 has been observed in radio at 5 GHz with the Very Large Array in May 2012, 61 detecting no point source down to a flux density of 20 µJy. The radio emission expected from the hot X-ray-emitting plasma is much fainter than this limit (see the Supplementary Information for a discussion). However, because efficient radiative cooling would have boosted the radio emission to ∼ 240 µJy[ref. 63, 67 ], this limit confirms our adiabatic approximation and justifies the large ratio L w /L X .
Observing an X-ray bubble around a ULX requires a number of favourable circumstances: a bubble with the right surface brightness and size to be detectable as extended; a ULX dim enough not to outshine the bubble; a sensitive observation carried out with an instrument with good angular resolution (see the Supplementary Information for a quantitative discussion and Fig. 5 ). This might explain why no similar structures are commonly observed in association with ULXs (with the notable exception of NGC 7793 S26, 23 which, however, has no associated ULX). Indeed, two followup observations with Chandra performed between 2018 February 27 and March 1 for a combined exposure of 50 ks failed to detect the bubble, as ULX1 raised its luminosity to 4×10 39 erg s −1 .
The recent discovery of TeV emission from the Galactic microquasar SS 433, 9 in many ways reminiscent of ULXs, 32 suggests that strong shocks associated to ULXs contribute to the cos-mic ray acceleration. Indeed, the mechanical power of the bubble of ULX1 is comparable to the cosmic-ray injection rate for a whole galaxy. 8 Since the duty cycle, the lifespan and the population of similar objects are currently poorly known, it is not possible at this stage to quantify their contribution. Figure 1 : Multi-instrument soft X-ray light curve of NGC 5907 ULX-1 since April 2017, when the Swift monitoring resumed. The y-axis shows the luminosity in the 0.2-10 keV energy range, assuming a distance D = 17.1 Mpc. In July 2017, when XMM-Newton started observing, the source left its regularly modulated high state 54 . After ULX1 fell below the detection limit of Swift, Chandra observed ULX1 in its low state in November 2017 and obtained an upper limit (red downward arrow), assuming a power-law spectrum with index Γ = 2. The luminosity of the diffuse source (extended X-ray emission) associated to ULX1 assumes a collisional plasma (apec) spectrum with k B T = 1.9 +2.3 −0.8 keV. The grey arrows and blue points represent Swift upper limits and detections respectively, assuming a broken power law spectrum, as modeled by XMM-Newton in the high state of ULX1. 55 In the latter, no clear enhancement in brightness appears at the center of the source, indicating a discrepancy from the instrument PSF. The green circle, with a radius of 5 arcsec, is centered on the position of ULX1. The scale is in counts per pixel, whose side measures 0.5 arcsec, after smoothing the image through a 2 − D Gaussian kernel with σ Gauss = 1.5 pixel. The inset shows a comparison between the PSF (as obtained from simulations, including background) and the observed radial distribution of the events (the y-axis represents the fraction of events falling outside a certain radius). We can reject the hypothesis that the source is point-like with a confidence level of 5σ (p-value = 3×10 −7 ). See Fig. 3 
Methods

X-ray observations and long-term light curve
We consider in this work X-ray observations taken with Chandra, XMM-Newton, and the Neil Gehrels Swift Observatory (see Table 1 ). Particular care is dedicated to the Chandra observation 20830, taken on 2017 November 6, in which we detected diffuse emission. We used the other data sets to build the long-term light curve of Fig. 1 and/or to improve the astrometry of observation 20830.
Chandra
All Chandra observations we used were carried out with the Advanced CCD Imaging Spectrometer 34 (Spectroscopic array, ACIS-S) in full-imaging mode. We used the Chandra Interactive Analysis of Observation (CIAO, v4.10) 35 software package and CALDB (v4.7.8). We selected photons in the energy range 0.3-7 keV, and followed the standard analysis threads for data reprocessing, source detection, and flux estimation. We determined the energy boundaries based on the spectral distribution of the ACIS background, which increases significantly outside this band. We defined a circular source region that includes all photons within 3 arcsec from the direction of ULX1. This radius, which contains 98.5% of the PSF, limits the contamination from background and other sources, but is large enough to make it possible to appreciate the main features of the X-ray source. We defined an annular background region centered at the location of ULX1, with radii 10 arcsec and 30 arcsec. We removed from this region circles with radii of 5 arcsec around each other source, and a circle with radius of 10 arcsec around NGC 5907 ULX-2, being particularly bright at the time. For observation 20830, these criteria leave 25 photons in the source region and 277 photons in the background region, corresponding to 3.6 background photons expected in the source region (see Fig. 3 ). 
XMM-Newton
In the XMM-Newton observations, the positive-negative junction 36 (pn) and the two metal oxide semi-conductor 37 (MOS) CCD cameras of the EPIC instrument were all operated in Full Frame mode. We used the XMM-Newton Science Analysis Software 38 (SAS) v14.5 for data reduction. After removing intervals of high background, we selected the events setting FLAG==0 and PATTERN<=4 and PATTERN<=12 for pn and MOS, respectively. We extracted the source spectra and event lists from a circular region with radius 30 arcsec around the best-fit Chandra source position, RA = 228.994289 • and Dec = 56.302851 • (J2000), in the energy range 0.3-10 keV. We estimated the background from a circular region with radius 65 arcsec, close to ULX1 but free of sources, for each observation. We excluded from our analysis the XMM-Newton observation 0795712601 as source contamination, mainly from NGC 5907 ULX-2 but also from other sources in NGC 5907, undermines a clear characterization of ULX1. 39 We simultaneously analysed all XMM-Newton spectra in the energy range 0.3-10 keV and we fitted them with an absorbed broken power law model (bknpow in XSPEC 40 ). The Tuebingen-Boulder ISM absorption model (tbabs) was adopted and the abundances were set to those of ref. 41 . We fixed the values of the break energy and the high-energy spectral index, to those obtained in ref. 55 , (E b = 6.7 keV and Γ 2 = 2.9), as they were better constrained including NuSTAR data and consistent with all the XMM-Newton observations of ULX1 in a high state. We also fixed the column density to the best-fit value in ref. 55 , N H = 5.3×10 21 cm −2 . We left free to vary the low-energy photon index and the normalization. We obtained an acceptable fit (χ 2 ν = 1.12 for 439 degrees of freedom), with low-energy photon indices of Γ Table 1 ). The resulting 0.3-10 keV unabsorbed fluxes are F Fig. 1 ). All these uncertainties are at the 90% confidence level. A careful spectral characterization, to be compared with other spectral analyses in the literature, goes beyond the scope of this paper.
Swift
The X-Ray Telescope 42 (XRT) on board Swift uses a CCD detector sensitive to photons with energies between 0.2 and 10 keV. All observations analyzed in this work were performed in imaging photon counting (PC) mode. We used FTOOLS 43 v6.15 for standard data processing. We extracted the source events within a radius of 20 arcsec from the Chandra position of ULX1, and evaluated the background in a source-free circular region of radius 130 arcsec, avoiding the plane of NGC 5907. The ancillary response files generated with xrtmkarf account for different extraction regions, vignetting and point-spread function corrections. We used the latest available spectral redistribution matrix (v014). We converted the source rate to 0.2-10 keV luminosity by assuming a distance D = 17.1 Mpc and an absorbed broken power-law spectral model with indices 1.57 and 2.87, and break energy 6.42 keV. These are the best-fit parameters obtained in the high state of ULX1, 55 consistent with, but more constrained, than the values obtained in the spectral analysis described in the previous section.
As the region around ULX1 is rich of X-ray sources from NGC 5907, which Chandra can resolve but Swift cannot, XRT observations are likely affected by source contamination. A dedicated analysis that addresses this issue is not straightforward and goes beyond the scope of this paper.
Analysis of the Chandra observation of diffuse emission around ULX1 Relative astrometry
We considered Chandra observations 12987 and 20994, besides observation 20830. We reprocessed the data, extracted images, and run the CIAO task wavdetect, following the indications in the Chandra analysis threads. We selected the sources within 1 arcmin from the nominal position of ULX1, excluding ULX1 itself. We found the translations that best map the coordinates of the sources in observations 12987 and 20994 to those in observation 20830, using the CIAO task wcs match. We applied these corrections (measuring 0.13 arcsec and 0.30 arcsec, respectively) to the images and aspect solutions of observations 12987 and 20994 and launched again the task wavdetect. The localization of ULX1 in the two observations is now compatible within 1σ in RA (|∆RA| = 0.06 arcsec) and Dec (|∆Dec| = 0.06 arcsec), in the relative frame of observation 20830. Therefore, we take the barycenter of these two positions as the (J2000) Extension A first indication of source extension comes from the output of the CIAO tool wavdetect. We tested for and measured the extension of our source, by studying its radial brightness profile. We used a Kolmogorov-Smirnov test, which quantifies the goodness of fit by measuring the maximum absolute difference between the cumulative distribution of observed events and the model. To take into account the complex shape of the PSF and other effects due to the spacecraft dithering, we simulated with MARX 44 (v5.3.3) a large number of events associated to a point source with characteristics similar to ULX1 in observation 20830, including its position on the detector. In order to avoid photon pileup, which alters the PSF, we generated 50 realizations of a source with 1000 events and combined them. We assumed an absorbed (N H = 5.3 × 10 21 cm −2 , the value measured for ULX1 in the high state 55 ), power-law (Γ = 2) spectrum and a direction consistent with those of ULX1. We obtain consistent results assuming the best-fit thermal bremsstrahlung spectral model described in the next section. We generated a number of simulated background events, drawing from a two-dimensional uniform distribution.
We extracted the observed cumulative distribution of events within a radius R from the source center. We used the nominal direction of ULX1 obtained through astrometric analysis (see the previous section), but using the observed centroid does not alter our results. For the simulated point source, we included the expected uniform background contribution. We applied the same selection criteria to the simulated data set and considered only photons in the source region (with radius 3 arcsec): 25 observed photons compared against 4×10 4 simulated photons.
A Kolmogorov-Smirnov test finds a maximum difference between the two cumulative radial distributions, D = 0.525 (see Fig 2) . This implies that the source associated to ULX1 is not pointlike with a confidence level of 5σ (p-value = 3×10 −7 ). We repeated the same analysis simulating extended sources with a disk profile of uniform surface brightness. We can reject at the 2σ confidence level all values of the disk radius outside the range R d = 1.35 ± 0.50 arcsec. We repeated the same analysis assuming a smooth halo shape 53 with a hole, as described in the section of the Supplementary Material where we apply a dust scattering model. We constrained the values of the distance between the source and a dust layer to d sd = 11 ± 5 kpc. In the spirit of reproducible results, we provide the code of the MARX plugin (Draine halo.c) that we used to simulate such a dust halo at https://github.com/andrea-belfiore/MARX-plugins.git.
Spectral analysis
We analysed the spectrum of the extended source with XSPEC, adopting a collisional plasma model (apec), absorbed according to the Tübingen-Boulder absorption model (tbabs) and set the abundances to those of ref. 41 . As the number of events is very low, we used C-statistics 46 and verified through Monte Carlo simulations similar to those described above, that we obtain identical estimates and error bars. All the uncertainties are stated at 90% CL. The absorption column is poorly constrained by the data (see Fig. 4 ), but physical constraints are given by the absorption level of our Galaxy in the direction of ULX1, N H,G = 1.2×10 20 cm −2 , and the absorption measured in the high state of ULX1, N H,U = 5.3 × 10 21 cm −2 (that includes internal absorption by the ULX itself). We repeated the same analysis adopting the best-fit value N H = 1.3 × 10 21 cm −2 , that provided us with the best-fit estimates for all parameters, and for the two extreme values N H,G and N H,U that determine our uncertainties (that cover the 90% CL error bars for all allowed values of N H ).
We estimate a characteristic energy k B T = 1.9 +2.3 −0.8 keV, a normalisation N = 3.5 +2.5 −1.9 × 10 −6 , and an unabsorbed 0.3-7.0 keV flux F X = 6.1 +6.1 −2.5 × 10 −15 erg cm −2 s −1 , corresponding to an isotropic 0.3-7.0 keV luminosity L X = 2.1 +2.1 −0.9 ×10 38 erg s −1 .
We also tested through Monte Carlo simulations a dust-scattering spectrum expected from the model outlined in a following section. This model is acceptable at the 2σ level (the spectrum changes so slightly with the tuning parameters that we cannot constrain them in this way).
We try to estimate the flux of a point-like component associated to ULX1. To this aim, we consider only the innermost photons, within 0.5 arcsec from the location of ULX1, determined The cyan cross corresponds to the best fit on these X-ray data. The red, green, and blue color contours indicate the 1, 2, and 3σ confidence levels, respectively. Although the column density is poorly constrained by these X-ray data, we have two external constraints, marked as horizontal white lines in this plot. The lower value, N H,G = 1.2 × 10 20 cm −2 , is given by the Galactic absorption in the direction of ULX1. The higher value N H,U = 5.3 × 10 21 cm −2 , was estimated in the high state of ULX1, and thus might include internal absorption.
as described in the astrometry section. We assume for the point source a power-law spectrum with Γ = 2 and the absorption column N H,U = 5.3 × 10 21 cm −2 measured for ULX1 in its high state. We used the CIAO tool srcflux, that applies an aperture photometry, taking into account the response of the instrument, the encircled fraction (fraction of the PSF within each region), statistical uncertainties, position on the detector, and other effects. It provides an upper limit on the flux (at the 90% confidence level) of F X < 3.4×10 −15 erg cm −2 s −1 . This corresponds to a luminosity L X < 1.2×10 38 erg s −1 = 0.68 L 14 , where L 14 = 1.764×10 38 erg s −1 is the Eddington limit for a 1.4-M neutron star.
Physical modeling of the expanding nebula
We assume that an isotropic wind with constant power L w is emitted from the ULX system, shocks the external medium (ISM) and expands according to a self-similar solution. 21, 62 After a short free expansion period, the wind forms a shock that starts as adiabatic but becomes more and more radiatively efficient. In this phase, the expanding nebula (bubble) is radially structured in 4 regions:
1. Close to the source is the low-density left-over of the swept up ISM, where the wind expands freely (free wind region);
2. Starting at a radius R 1 the wind, faster than the shock, accumulates, increasing density and temperature (shocked wind region);
3. Starting at a radius R c the swept up ISM accumulates, increasing density and temperature (shocked ISM region); 4. Beyond a radius R 2 the ISM is still unperturbed by the shock (ISM region).
In this model, there are two shocked regions where X-rays could be emitted: the shocked wind region and the shocked ISM region. The first scenario was considered in a set of simulations 47 of expanding nebulae, and, with the boundary conditions set in these simulations, it cannot reach an X-ray luminosity larger than ∼10 35 erg s −1 . Either this scenario is missing some dominant effect, or it can be ruled out in the context of ULX1; we explore here the other scenario.
If we assume that the X-rays are produced in the shocked ISM region, then the observed disk radius R d = 1.35 ± 0.50 arcsec coincides with R 2 (τ ) = 112 ± 42 pc at a distance D = 17.1 Mpc, where τ is the current age of the bubble. Strong shock conditions for the temperature of the shocked ISM provide a direct estimate of the current speed of the shock v sh : 
Because observations of other nebulae show that the shock speed is somewhat overestimated with this approximation, we introduce a factor ξ < 1 that accounts for this discrepancy: v sh = v
A standard bubble model, with a constant injection of mechanical power L w in a uniform ISM with density n ISM = n 1 ×cm −3 , predicts a time dependence of the bubble size:
where α = 0.88 is a numerical constant. 62 Under these assumptions, as v sh = dR 2 dt , we can estimate the age of the bubble:
As v sh largely exceeds the sound speed in the ISM, the Rankine-Hugoniot conditions at the shock front grant that the plasma density just inside the shocked region is n sh = W × n ISM , with a compression factor W 4. However, as a high radiative efficiency strongly increases this value, we maintain it as a free parameter. According to the standard bubble model, n sh decreases down to 0 as the radial distance r approaches a contact discontinuity at r = R c . Because the bremsstrahlung emissivity ∝ n 2 sh , we assume that most emission is produced close to R 2 . We estimate the size of this emitting region V sh by assuming that it contains most of the swept up material from the ISM:
We can now extract from the normalisation of the apec model an estimate of the shocked plasma density as
This value is broadly consistent with those observed in optical/radio ULX bubbles. 23 We use eq. (2) to provide an estimate of the mechanical power of the wind L w :
where we used eqq. (3) and (1) and our estimates for R d , k B T , and n ISM , leading to large uncertainties. This value is in the same order of magnitude as the X-ray luminosity observed from ULX1 at its peak, if emitted isotropically. 55 Although L w is weakly constrained from our results, we deem it extremely unlikely that it can be much higher.
Indeed, if we suppose that ULX1 sustained this value of L w for the age of the nebula τ , its wind would have carried an energy E = L w τ = 2.8 +18 −2.2 × 10 53 erg × ξ 2 × W 4 − 1 2 . As the wind, and therefore the bubble, is powered by accretion onto a neutron star, the accreted mass must be at least: M accr = E ηc 2 1.8 +12 −1.5 × 10 33 g = 0.9 +5.9 −0.7 M
where η GMns Rnsc 2
17% is the accretion efficiency of a neutron star with mass M ns = 1.4M and radius R ns = 12 km. The best-fit value of M accr might be too large for a neutron star, as it would have probably already collapsed into a black hole, but a value of M accr < 0.5 M is more plausible. As the accretion power is not all channelled into the wind, but must also sustain the luminosity of ULX1, it seems likely that our simple model might need some revision.
We can relate the total mass ejected by the wind, M w to E and, indirectly, to M accr :
where v w is the speed of the wind. If we assume M accr 0.5 M , then, to keep M w 10M as expected for an X-ray binary system, v w > 0.1 c. This value of v w agrees with the velocity measured in outflows from various ULXs. [25] [26] [27] 
Supplementary Information
Detectability of similar features We explore the conditions under which an extended feature associated to a point source, particularly a ULX, is detectable. Due to the small angular scale of such a feature, we restrict our scope to Chandra, which provides the best angular resolution among the currently operating X-ray observatories. We simulate with MARX a large number of extended sources overlapping a point source and a uniform background, scanning a broad range for each parameter: the size (disk radius R d ) and the fluence of the extended source, the fluence of the point source (N p ) and that of the background. We assume for the extended source a uniform disk shape and a bremsstrahlung spectrum with kT = 0.76 keV, and for the point source a power-law spectrum with index Γ = 2.
By scanning over the fluence of the extended source, we determine for each configuration of the other parameters the number of photons N 90 that are needed from the extended source to detect it as extended with a 90% probability. We consider a source detected as extended if we can reject at the 3σ confidence level the hypothesis that the source is point-like, if we apply a procedure identical to the one we applied to the source associated to ULX1. It turns out that the background level has an appreciable impact only in those cases where the number of events from the two source components (one point-like, the other extended) combined is very small. Therefore, we fix the number of expected background photons within 3 arcsec to 4, close to the value we estimate in the field of ULX1. We also find that fixing N p and increasing R d , N 90 decreases down to a minimum value for R d 2 arcsec.
The left hand panel of Suppl. Fig. 5 shows N 90 as a function of N p for a relatively large source, with R d 2 arcsec. For a feature similar in physical size as the one we detect around ULX1, this corresponds to a distance of the host galaxy 12 Mpc. We overplot a few lines indicating fixed count ratios between the point source and the extended source. If we assume that the brightness of the extended feature is constant, the blue and cyan lines correspond to the counts ratios that we expect when ULX1 is in its high state, the green line the counts ratio in the intermediate state, and the red line the counts ratio in the low state. The left hand panel of Suppl. Fig. 5 shows that a ULX must be in a low state for us to be able to detect a dim extended feature associated to it, even if the source is not too far from us.
Then, we assume that the extended source is 5 times more luminous than the point source (reproducing the off state of a transient ULX) and check its detectability at larger distance 10 Mpc. We consider a 50 ks Chandra observation and the same physical size for the extended feature as the one we detect around ULX1. The right hand panel of Suppl. Fig. 5 shows the luminosity of the extended feature (L 90 ) corresponding to N 90 as a function of the distance of the host galaxy. If we assume that the X-ray luminosity of the nebula should be lower than a few 10 39 erg s −1 , then we can only appreciate the extension of sources within ∼20 Mpc (and only when the point source is in a very low state). Very few currently known ULXs are eligible, 48 and they should be closely monitored, because only when they are in a low state Chandra could probe with a long stare if they share a feature similar to the one we observe in ULX1 in this paper.
Application of a dust scattering model
We investigated the possibility that the extended emission around ULX1 is due to X-ray dustscattering, as sometimes it is observed for X-ray sources whose emission passes through clouds of dust (e.g. refs. [49] [50] [51] ). The observed angular deviation φ is related 52 to the scattering angle θ and to the source and dust distances (D and D d , respectively) by φ (1 − x) × θ, where x = D d /D. For dust located in our Galaxy and not too close to the X-ray source (since the X-ray scattering cross section rapidly drops with the scattering angle), we can see scattering halos around X-ray sources up to dozens of arcmin. An extended X-ray scattering halo by extragalactic dust, instead, has never been detected because for x ≈ 1, the uncertainty in the PSF hampers a measure of the tiny extent of these halos. However, the favourable combination of the Chandra PSF, the edge-on orientation of NGC 5907, the extreme luminosity of ULX1, and its abrupt switch-off, might have given us the opportunity to resolve spatially-for the first time-the X-ray emission from an extragalactic compact object that was scattered by the dust in its host galaxy.
In fact, we can interpret the halo we saw as due to the photons emitted during the high state of ULX1 and scattered in our direction by the interstellar dust in its host-galaxy, the difference between the two optical paths causing a delay. Indeed, dust in NGC 5907 prevents us to see any optical counterpart to ULX1, even with the high sensitivity of the Hubble Space Telescope. In the following section, we apply the X-ray scattering model to our system and check its consistency.
As a first approximation, we assume that the dust is uniformly distributed in a thin wall at a distance d sd = (1 − x) × D = d 10 × 10 kpc from ULX1, where D = 17.1 Mpc is the distance of NGC 5907. The difference in optical path with respect to a photon reaching us directly causes a delay:
The brightness profile of the halo can be expressed 52 as:
where N d is the dust (scattering centers) column density, L src is the X-ray luminosity of the source, S(E) is the spectral energy distribution of the source normalized to 1, and dσ dθ is the differential scattering cross-section.
If L src switches on at an epoch t on , then, according to eqq. (10) and (9), a halo forms up to a radius:
If L src has kept constant over a long time, then B h (φ) fades out at large φ because dσ dθ drops at large θ. Therefore, while dσ dθ shapes the radial brightness profile of the halo, x (or d sd , if D is known) fully determines the halo size. Although a precise expression for dσ dθ depends on the dust properties, we can approximate its 90% containment angle 53 as θ 90 0.3 • × E −1 1 where E = E 1 keV is the photon energy. Since the lowest energy photons determine the size of the halo and 21 out of the 25 photons we used for our extension analysis have an energy E > 1 keV, we assume that θ 90 0.3 • . After a time t − t on D 2c (1 − x)θ 2 90 160 d × d 10 the halo saturates to an angular size:
As with the activation of the source, if L src abruptly drops to 0 at an epoch t off , then B h (φ < φ min ) = 0 with:
In this simple model we expect a sharp hole expanding in the halo starting from its center, without altering the profile of the halo for φ > φ min . In a more realistic case, in which the source takes some time to switch off and light scatters in a smooth distribution of dust at various x, we expect a more complex halo profile and evolution.
As Swift monitoring shows that ULX1 remained in a high state (L on 10 41 erg s −1 ) for ∼4 years 54, 55 , before switching off, we expect that the halo is complete, for any reasonable value of d sd (up to ∼90 kpc). We observed ULX1 switching off on 2017 July 10 (our t off ) and Chandra observation 20830 took place on 2017 November 7, 120 d later. Therefore, we expect a hole in the halo profile with a radius φ min 0.54 arcsec × d 1 /2 10 . As described in the extension analysis section, our fit to a halo profile estimates at the 90% confidence level that d sd = 11 ± 5 kpc.
We consider now the structure and geometry of NGC 5907 to constrain the location of ULX1 within its host galaxy. A model that accounts for optical emission and extinction 56 estimates the inclination of the galaxy plane as 87. • 2 ± 0. • 2. A double exponential spatial model sets the scale length for dust and stars as h d = 8.2 ± 0.2 kpc, and h s = 7.2 ± 0.1 kpc, respectively. The dust radial profile shows a steep decrease at ∼16 kpc, while the gas extends much further out 57 . We approximate NGC 5907 to a perfectly thin edge-on galaxy and apply a simple geometrical model sketched, face-on, in Suppl. Fig. 6 . The distance between ULX1 and a dust layer is d sd , where r d is the distance of the dust cloud from the center of NGC 5907, r s is the distance of ULX1 from the center of NGC 5907, and d p = 8.3 kpc is its sky projection. Given the constraints above, the optical depth is minimal when r d = 16 kpc and d sd = 6 kpc.
We follow a standard approach that assumes that the dust distribution, and therefore optical absorption, is a good proxy to track the metals that cause the X-ray absorption. 58 The numerical integration of a model describing the optical absorption in NGC 5907 59 , along the line of sight up to ULX1, leads to 6.4 mag < A V < 12.6 mag. Assuming Solar abundances, we convert 58 Figure 6 : Schematic representation of NGC 5907 viewed face-on, and geometrical constraints provided by the dust-scattering scenario. The shaded grey region reproduces the radial dust distribution observed in NGC 5907. 56 If we assume that a dust wall is located at r d = 12 kpc from the center of NGC 5907, then all distances are in scale, apart for the shape of the dust layer, here pictured as a thick ring, but whose global structure we ignore. The projected distance of ULX1 from the center of NGC 5907 is d p = 8.3 kpc. The distance between the dust layer and ULX1 is constrained by the model to d sd = 11 ± 5 kpc. The thick vertical red line, along the blue dashed line of sight, marks the range of physical locations of ULX1 allowed by this model. The distance between ULX1 and the center of NGC 5907 is r s . As the line of sight crosses a sizable portion of the plane of NGC 5907, optical and X-ray absorption should be very large. This estimate is not consistent with the value of N H = 5.3×10 21 cm −2 we see from ULX1 in its high state 55 (which includes absorption internal to the source). Uncertainties in the distribution and properties of the dust prevent us from drawing firm conclusions but, since the dust-scattering hypothesis seems to require some degree of fine tuning in the dust and galaxy parameters to reproduce the data, we do not further explore this scenario.
Multi-wavelength Coverage
The region around ULX1 has been observed in H α with the 0.9 m telescope at the Kitt Peak National Observatory 60 and in radio at 5 GHz with the Very Large Array in configuration B 61 . The H α image of NGC 5907 shows a large number of excesses on the order of a few 10 −15 erg cm −2 s −1 , that follow the profile of the galaxy. One of them, with a flux F α ≈ 9 × 10 −16 erg cm −2 s −1 , is consistent with the direction of ULX1. However, the poor angular resolution (∼ 1 arcsec) hampers a firm association with the X-ray nebula, or any further characterisation of the H α feature. The radio observation reveals no point source down to a flux density of 20 µJy within 10 arcsec around the direction of ULX1.
For a fully radiative strong collisional shock we expect that the flux in the Balmer lines is proportional to the mechanical power 62 L m = 12 55 L w and depends on the shock speed. 63, 64 Most of the recombination happens in the photoionized pre-shock region, or in the post-shock region where the plasma has already cooled. Because the age of the nebula is smaller than the cooling time of the plasma, we expect this contribution to be negligible.
The MAPPINGS III shock model library tables (http://cdsweb.u-strasbg.fr/ allen/mappings_page1.html) including both the pre-and post-shock regions, lead to an expected unabsorbed flux in H β : This value, obtained under the assumption of a fully radiative strong shock, is in slight tension with the excess observed by the Kitt Peak National Observatory, if we adopt the estimate of L w obtained in the adiabatic assumption, eq.6 in the main text. However, the strong optical absorption in the direction of ULX1 65 might reduce this tension.
The bremsstrahlung emissivity of a hot plasma at radio frequencies can be written 66 as: We expect no detectable radio emission from the hot X-ray-emitting plasma. Instead, under the assumption of a fully radiative strong shock, we expect some detectable radio emission from other regions.
If we combine the above estimate for F β to the relation between the H β and the 5 GHz emissivities 67 for a plasma with k B T = 1.9 keV, we obtain: VLA did observe at 5GHz NGC 5907 ULX-1 for 3h on May 30 2012, in the B configuration, 61 reporting an upper limit of 20 µJy beam −1 . Because the beam width at half power for VLA at 5GHz in configuration B measures 1.2 arcsec, we expect that the bubble may be covered by a few beams, depending on the size of the radio nebula. Deriving a limit on the brightness of extended sources with an aperture synthesis array is a non-trivial task, 68 that goes beyond the scope of this paper.
The tension between our estimates and the reported upper limit indicates that a fully radiative shock approximation might not apply to our case. Indeed, such an approximation implies that all the mechanical power L m is radiated, while, according to our model of the nebula, L bol ≈ L X L m . Dropping the assumption of a fully radiative shock requires a more sophisticated and complete model of the nebula, that accounts for multiple plasma phases.
